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ABSTRACT 
A program w a s  conducted i n  which an instrument  system concept w a s  
s tud ied  t o  opt imize t h e  a p p l i c a t i o n  of  a m a s s  spectrometer  as a sensor  f o r  
monitor ing t h e  primary atmospheric  c o n s t i t u e n t s ,  as w e l l  as atmospheric 
contaminants,  on board a manned spacec ra f t .  The program w a s  d iv ided  i n t o  
s i x  i n d i v i d u a l  s t u d i e s  r e p r e s e n t i n g  t h e  primary system p a r t s  complementing 
t h e  spectrometer :  A Carbon Monoxide Accumulator C e l l  (Volume l), a n  Ion  
Pump (Volume 2), an  Ion  Pump Power Supply (Volume 3 ) ,  an  I n l e t  Leak (Volume 
4 ) ,  a n  Ion  Source (Volume 5), and a n  Undersea Atmoshperic Analyzer (Volume 
6 ) .  The p r i n c i p l e  goa l  of t h e  combined s tudy  program w a s  t h e  achievement 
of an ins t rument  concept of minimum power, weight and s i z e  wi thout  compro- 
mising t h e  minimum d e t e c t i o n  l i m i t s  o f  t h e  instrument .  
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I O N  PUMP DESIGN 
SUMMARY 
NASA CR-111856 
This  r e p o r t  covers  t h e  des ign ,  f a b r i c a t i o n  and t e s t i n g  of a f l i g h t  con- 
f i g u r a t i o n  Ion  Pump and Magnet Assembly f o r  use i n  f l i g h t  m a s s  spec t rometers .  
The r equ i r ed  pumping speed of about  fou r  l i t e rs  p e r  second w a s  achieved i n  
t h e  f i n a l  conf igu ra t ion .  This  r e p o r t  a l s o  inc ludes  a n a l y s i s  of rough pumping 
techniques t h a t  may be  u t i l i z e d  t o  pump down a f l i g h t  mass spec t rometer  
system from some h igh  p res su re  ( inc lud ing  one atmosphere) t o  a p res su re  a t  
which t h e  Ion  Pump may be  s t a r t e d .  
The des ign  s e c t i o n  inc ludes  a n a l y s i s  of t h e  Ion  Pump development e f f o r t  
conducted on NASA c o n t r a c t  NAS1-6387 and t h e  comparison of t h e  a n a l y s i s  re- 
s u l t s  w i t h  a n  i o n  pump des ign  based on a commercial two l i t e r  per  second pump. 
F a b r i c a t i o n  and test  d a t a  covering t h e  Ion  Pump des ign  based on t h e  commercial 
pump c o n f i g u r a t i o n  i s  included.  The r e s u l t s  of t h i s  des ign  d i d  no t  ach ieve  
t h e  pumping speed r equ i r ed .  The pump assembly w a s  then  redesigned a long  w i t h  
t h e  magnet and subsequent tests showed t h a t  a n  accep tab le  pumping speed of 
t h r e e  and one-half t o  fou r  l i t e rs  p e r  second w a s  a t t a i n e d .  
I n  t h e  rough pumping i n v e s t i g a t i o n ,  several methods w e r e  analyzed. These 
I methods included:  subl imat ion  pumping, u se  of a l i n e  t o  o u t e r  space and 
cryo-sorpt ion pumping. A l i n e  t o  o u t e r  space  o r  cryo-sorpt ion pumps wi th  
the rmoe lec t r i c  dev ices  o r  a combination of s o r p t i o n  and subl imat ion  pumping 
are t h e  only space usab le  devices  t h a t  are adequate.  
I n t r o d u c t i o n  
The purpose of t h i s  s tudy  e f f o r t  w a s  t o  develop a n  opt imized,  low-power, 
l i gh twe igh t  Ion  Pump capable  of a t t a i n i n g  a pumping speed of about fou r  l i ters 
p e r  second f o r  active gases  over t h e  p re s su re  range of 10-6 t o  10-5 t o r r .  
The des ign  u t i l i z e d  t h e  e f f o r t  accomplished on NASA Cont rac t  NAS1-6387 
This  prev ious  e f f o r t  w a s  t o  be  analyzed and compared wi th  t h e  concept of 
combining two-two l i t e r  p e r  second pumps designed by Varian Assoc ia tes .  
1. Two Gas Atmosphere Sensor System (Mass Spectrometer) ,  Phase IIa - 
Phase I I b ,  F i n a l  Report ,  March 1969, NAS1-6387, Addendum 1, Page 277. 
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I n  a d d i t i o n  t o  t h e  des ign  of t h e  Ion  Pump, t h e  complete des ign  of a l i g h t -  
weight magnet w a s  undertaken. 
and s t a r t i n g  c u r r e n t ,  pumping as a f u n c t i o n  of p r e s s u r e  and anode vo l t age .  
Also, v a r i a t i o n s  i n  ope ra t ion  w i t h  t i m e  w e r e  t e s t e d .  
comparison of a l l  p o s s i b i l i t i e s  two des ign  approaches were considered;  f i r s t ,  
des igning  around a t o t a l l y  new concept and second, bas ing  t h e  des ign  around 
t h e  Varian two l i t e r  p e r  second pump. It w a s  decided t o  u s e  the  second 
p o s s i b i l i t y .  
i n  a t o t a l l y  new concept.  
and t h e  Ul tek  Div is ion  of Perkin-Elmer t h e  t o t a l l y  new concept w a s  abandoned 
because i t  involved resks due t o  schedule  and c o s t  unknowns. 
a n a l y s i s  i n d i c a t e d  t h a t  us ing  t h e  Varian two l i ter  p e r  second des ign  as a 
b a s i s ,  l i gh twe igh t  des ign  could b e  achieved provided t h e  magnet w a s  com- 
p l e t e l y  redesigned.  
The pro to type  pump w a s  t e s t e d  f o r  running 
Af te r  a n a l y s i s  and 
This  d e c i s i o n  w a s  made because of t h e  p o s s i b l e  r i s k s  p r e s e n t  
Af t e r  e x t e n s i v e  d i s c u s s i o n s  w i t h  Varian Assoc ia tes  
A weight  
Resul t s  of Previous  Ion  Pump Analysis  
Under NASA Cont rac t  NAS1-6387 an  ex tens ive  a n a l y s i s  w a s  conducted 
concerning t h e  theory  of ope ra t ion  of a n  i o n  pump. Some of t h e  more per- 
t i n e n t  r e l a t i o n s  and conclus ions  have been taken from t h a t  r e p o r t  and com- 
pared wi th  expected r e s u l t s  of t h e  second a l t e r n a t i v e  of us ing  a modified 
commercial des ign  t o  determine t h e  course  of a c t i o n  t o  fol low.  The f i n a l  
r e p o r t  f o r  t h e  above r e fe renced  c o n t r a c t  shows t h a t  t h e  maximum pumping 
speed, which can b e  obta ined  from any i o n  pump, i s  l i m i t e d  by t h e  a v a i l a b l e  
receiver area wi th  t h e  maximum speed p e r  u n i t  area being 
r 
where : K = Boltzman's cons t an t  
T = Absolute temperature  
g 
M = Mass of t h e  gas  molecule 
Therefore ,  t h e  l a r g e r  t h e  receiver area, t h e  h ighe r  t h e  p o t e n t i a l  pumping 
speed of an  i o n  pump. I n  a normal d iode  pump, t h e  overwhelming p a r t  of t h e  
receiver area i s  t h e  i n t e r n a l  area of t h e  anode. This  i s  because any mole- 
c u l e s  absorbed o r  bu r i ed  w i t h i n  t h e  cathodes w i l l  even tua l ly  be s p u t t e r e d  
away by the  i o n s  c o n t i n u a l l y  bombarding t h e  cathodes.  
2 
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A second important  parameter f o r  t h e  de te rmina t ion  of t h e  pumping speed 
is  t h e  s p u t t e r i n g  rate of t h e  cathode material, which even tua l ly  can form 
s t a b l e  compounds, w i t h  t h e  pumped gas  on t h e  receiver su r face .  
speed is r e l a t e d  t o  t h e  s p u t t e r i n g  rate by: 
The pumping 
where : c = Getter capac i ty  
Ms = Mass of  t h e  s p u t t e r e d  atom 
y = C o e f f i c i e n t  of s p u t t e r  y i e l d  
e = E l e c t r o n i c  charge 
I / p  = Ion  c u r r e n t  overpressure  
The two equat ions  above show t h a t  t h e  pumping speed i s  optimized by a l a r g e  
receiver area and a l a r g e  I / p  va lue ,  s i n c e  t h e  o t h e r  parameters  tend t o  b e  
f i x e d  by t h e  material of t he  cathodes.  Inc reas ing  t h e  i o n  c u r r e n t  i s  no t  a 
s imple s t r a igh t fo rward  matter, s i n c e  t h i s  c u r r e n t  i s  r e l a t e d  t o  t h e  complex 
mechanics of t h e  Penning d ischarge .  The i o n  c u r r e n t  r e s u l t i n g  from a Penning 
d i scha rge  can b e  expressed by the  fo l lowing  equat ion:  #I 
where : p = Space charge d e n s i t y  (wi th in  anode) 
b S = I o n i z a t i o n  p r o b a b i l i t y  a t  2 V 
V = I o n i z a t i o n  p o t e n t i a l  b 
P = Pressu re  
= l e n g t h  of t h e  anode c e l l  La 
r = Radius of t h e  anode ce l l  a 
6 = r / r  k a  
rk = Radius of n e u t r a l  column ( c e n t e r  of anode) 
M = Mass of e l e c t r o n  e 
* 
3 
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Equations (2) and (3) may be  combined t o  g i v e  a g e n e r a l  pumping speed rela- 
t i o n  f o r  a w e l l  o rdered  d i scha rge  system. Giving: 
1 
e 2sp - Vb 
Me 
s = c y M e L r2 s a a  (1 - s 2 ) /  P 
C o l l e c t i n g  a l l  f i x e d  terms f o r  a given system, equa t ion  ( 4 )  may be 
r e w r i t t e n  i n  a geometry dependent form as: 
s = K L ~ ~  ( 1 - 6 ~ )  P a a  (5) 
The v a l u e  of 6 is  s t r o n g l y  dependent on t h e  app l i ed  anode v o l t a g e  and 
magnetic f i e l d .  I n  o r d e r ,  however, t o  d e r i v e  an  e x p l i c i t  s o l u t i o n  of t h e  
anode v o l t a g e  and c u r r e n t  (hence pumping speed) of a Penning c e l l ,  t h e  
l i m i t i n g  case  of t h e  n e u t r a l  column (found i n  t h e  c e n t e r  of t h e  anode) 
approaching t h e  anode i s  used, 
then 
This a p p l i e s  
P e r m i t i v i t y  of f r e e  space 
Magnetic f l u x  d e n s i t y  
V i r t u a l  cathode p o t e n t i a l  
Anode p o t e n t i a l  
u n t i l  t h e  s a t u r a t i o n  a f f e c t  begins  t o  predominate a t  6 > 8 4 .  
An approximate r e l a t i o n  of a l l  t h e  parameters  (vo l t age ,  p r e s s u r e ,  mag- 
n e t i c  f i e l d ,  pumping speed, and geometry) may be de r ived  by combining and 
r ea r r ang ing  equat ions  (6) and ( 4 )  g iv ing  : 
2 B  + 0.03pB + 
4 
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where: UM = Volume of magnet 
f l  = Magnetomotive f o r c e  (mmf) leakage  f a c t o r  
f 2  = Flux  leakage f a c t o r  
Hd = Magnet f i e l d  i n t e n s i t y  a t  maximum energy 
BA = Magnet f l u x  d e n s i t y  a t  maximum energy 
u 
n 1 +@(Br  a ) 312 + 0.03PB2 -I- 
I n  t h e  r e fe renced  c o n t r a c t  (NAS1-6387) t h e  fo l lowing  va lues  were ca lcu-  
l a t e d  f o r  t h e  r equ i r ed  pumping speed of four  l i t e r s  p e r  second. 
B = 2500 
r = 3/32 i n  
La = 318 i n  
a 
n = 40 c e l l s  
C 
= 0.04 i n  
ak 
V = 1670 V a 
V = 670 V k 
I / p  = 65 A/T 
R = 3 .6  i n  (magnet l eng th )  
% = 0 .63  i n 2  (magnet a r ea )  
M 
The i o n  pump t h a t  w a s  cons t ruc t ed  under NASA Contract  NAS1-6387 cons i s t ed  
of two s e c t i o n s  w i t h  a c losed  r i n g  magnetic c i r c u i t  (Figure 1 ) .  Tests ind i -  
ca t ed ,  however, t h a t  t h e  pump would n o t  s tar t  below 10-5 t o r r .  
f o r  n o t  s t a r t i n g  a t  low p res su res ,  as s t a t e d  i n  t h e  above r e p o r t ,  w a s  a t t r i -  
buted t o  t h e  s t a r t i n g  vo l t age  be ing  too  c l o s e  t o  t h e  s a t u r a t i o n  value.  It 
i s  now suspec ted  t h a t  t h e  e l e c t r o n  r a d i i ,  under t h e  g iven  magnetic f i e l d ,  
were too  l a r g e  under t h e  g iven  ra so  t h a t  t h e  e l e c t r o n s  would h i t  t h e  anode 
and be  captured  be fo re  they had a chance t o  i o n i z e  t h e  gas  molecules a t  t h e  
r equ i r ed  rate. This  is  because a t  lower p r e s s u r e s  t h e  molecular  d e n s i t y  is  
lower. Since t h e  e l e c t r o n  r a d i u s  i s  g iven  as 
The cause 
a 
5 
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(8) 
* 
The s o l u t i o n  w a s  t o  i n c r e a s e  B r a ,  however, i n c r e a s i n g  ra  is  easier than  
i n c r e a s i n g  B. An i n c r e a s e  of ra is  a l s o  the  s o l u t i o n  f o r  s e p a r a t i n g  t h e  
s t a r t i n g  v o l t a g e  va lue  from t h e  s a t u r a t i o n  value.  
s t r u c t e d  wi th :  
A new pump w a s  con- 
r = 3/16 i n  a 
B = 1.97 kG 
Va = 7.5 kV 
n = 5 cells 
C 
The above geometry ( c o n s i s t i n g  of h a l f  t h e  i o n  pump) gave a pumping speed 
of 1.34 l i t e r s  p e r  second o r  would have been 2.68 l i t e r s  p e r  second f o r  
t he  e n t i r e  pump. It w a s  s t a t e d  i n  t h e  above r e p o r t  t h a t  t h e  pumping speed 
should i n c r e a s e  by f o r t y  pe rcen t  i f  t h e  magnetic f l u x  d e n s i t y  w a s  increased  
t o  t h e  c a l c u l a t e d  v a l u e  of 2.5 k i logauss .  This  s ta tement  w a s  based on t h e  
b e l i e f  t h a t  t h e  pumping speed i n c r e a s e s  w i t h  t h e  squa re  of t h e  magnetic 
f i e l d  i n t e n s i t y .  This  i s  n o t  n e c e s s a r i l y  a c o r r e c t  r e l a t i o n  however, as w i l l  
\ 
be shown later.  / 
P 
Comparison of  t h e  Two Approaches 
During t h e  in t e r im ,  between the  completion of t h e  e f f o r t  on NAS1-6387 
and t h e  i n i t i a t i o n  of t h e  Ion Pump Study descr ibed  h e r e i n ,  a new i o n  pump 
w a s  developed by Varian Assoc ia tes .  The i o n  pump had a s t a t e d  pumping 
speed of two l i ters  pe r  second and w a s  s m a l l  enough t o  b e  considered f o r  
p o s s i b l e  a d a p t a t i o n  as a f l i g h t  i o n  pump. This  i o n  pump w a s  a d iode  type  
wi th  a s i n g l e  ce l l  and u t i l i z e d  t i t a n i u m  cathodes w i t h  tantalum p o s t s  
s i t u a t e d  i n  t h e  c e n t e r  of t h e  cathodes and p r o j e c t i n g  inward a long  a 
common c e n t e r l i n e  toward t h e  c e n t e r  of  t h e  anode r i n g .  This  geometry d i f -  
f e r ed  r a d i c a l l y  from t h e  one t h a t  had been i n v e s t i g a t e d  p rev ious ly  and i t  
w a s  t h e r e f o r e  necessary  t o  c a r e f u l l y  compare t h e  two geometr ies  t o  de t e r -  
mine which one would achieve  the  b e s t  o p e r a t i o n a l  r e s u l t s  i n  a f i n a l  f l i g h t  
conf igu ra t ion  a t  f o u r  l i ters p e r  second. The parameters  of the  two l i ter  
p e r  second pump and those  of t h e  f i n a l  tests conducted under NAS1-6387 are 
compared i n  Table 1. 
6 
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TABLE 1.- I O N  PUMP COMPARISON 
I NAS1-6387 Design 
Half Anode 
A s s  emb 1 y 
1.34 R/sec 
1.97 kG 
6 kV 
26 a t  6 kV 
2 l b s  
1 .5  W 
0.2 i n  3 
I tern 
Speed 
Mag f i e l d  
Anode Voltage 
I / P  
Magnet Weight 
Power 
Max Discharge Volume 
2 R/sec Varian Based Design 
One - 2 R/sec Pump 
2 Rlsec 
1 .0  kG 
3.2 kV 
18  a t  3.2 kV 
2.5 l b s  (Varian) 
1 . 5  l b s  (P-E Design) 
0.65 W 
0.5 i n  3 
The d a t a  i n  Table  1 shows t h a t  t h e  Varian commercial des ign  pump appears  
t o  have a h ighe r  pumping speed wi th  less magnetic f i e l d  and power requi re -  
ments. It appears  l i k e l y ,  t h e r e f o r e ,  t h a t  a des ign  based on t h i s  commercial 
pump, w i t h  a l i g h t e r  magnet, o f f e r s  a h igher  p r o b a b i l i t y  of success  i n  
ob ta in ing  a pumping speed of  fou r  l i ters p e r  second. Based upon t h i s  
comparison i t  w a s  decided t o  u t i l i z e  the  Varian des ign  as t h e  b a s i s  f o r  t h e  
f l i g h t  type,  f o u r  l i ter  pe r  second ion  pump. Therefore ,  a Varian two l i t e r  
p e r  second pump w a s  purchased s o  t h a t  tests could be  conducted regard ing  
t h e  pumping speed and o t h e r  running parameters.  
T e s t  Resu l t s  of t he  Varian Two L i t e r  Pe r  Second Pump 
The commercial Varian two l i t e r  p e r  second i o n  pump i s  of t he  d iode  con- 
f i g u r a t i o n ,  c o n s i s t i n g  of two f l a t  t i t an ium cathodes.  A tantalum p o s t  i s  
a l s o  p a r t  of each cathode as shown i n  F igure  2. This  pos t  has  two func t ions ;  
t h e  f i r s t  f u n c t i o n  i s  t o  depress  t h e  cathode f i e l d  deeper  i n t o  t h e  anode so 
t h a t  most of t h e  i o n s  w i l l  impact on t h i s  p o s t  a t  l a r g e  ang le s ,  which en- 
hances back s c a t t e r i n g  of n e u t r a l  p a r t i c l e s .  It i s  p r e s e n t l y  be l i eved  t h a t  
noble  gases ,  such as argon, are pumped p r i m a r i l y  by back s c a t t e r i n g  as 
n e u t r a l s  which subsequent ly  become bur ied  i n  t h e  anode by t h e  s p u t t e r e d  
t i t an ium and tantalum. Increased  back s c a t t e r i n g  by f i e l d  dep res s ion  thus  
causes  a h ighe r  pumping speed f o r  noble  gases .  For t h e  second func t ion  t h e  
p o s t  material i s  tantalum, r a t h e r  than  t i t an ium,  because tantalum has  a 
h ighe r  molecular  weight  which aga in  improves t h e  p r o b a b i l i t y  of back 
s c a t t e r i n g .  
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This pump has an anode diameter of e igh t - t en ths  of an inch  and a n  anode 
l eng th  of one inch,  as shown i n  Figure 2 .  The test r e s u l t s  i nd ica t ed  t h a t  
t h e  pump had a nominal pumping speed of two liters p e r  second, as shown i n  
Table 2 .  The test  r e s u l t s  i n d i c a t e d  s u f f i c i e n t  pumping speed f o r  a s i n g l e  
two l i t e r  p e r  second pump, i t  w a s  f e l t  t h a t  two-two l i ter  p e r  second pumps, 
combined w i t h  a new magnet design,  would provide a fou r  l i t e r  p e r  second 
Pump * 
TABLE 2.- PUMPING SPEED TEST FOR 
VARIAN TWO LITER PER SECOND I O N  PUMP 
(BY THE TWO GAUGE METHOD)" 
1 .0  x 
5 . 5  x lo -6  
2 . 3  
4 . 9  
9 . 0  x lo-' 
Af t e r  System Bakeout Overnight 
1 . 8  2 . 7  5 . 3  
7 . 7  1 2  4 . 5 4  
3 . 2  x 4 9  1 . 9 5  x 
7 . 1  x 1 1 3  4 . 1 6  x 
1.4 220 7 . 5 7  
J 
1 . 7 8  
1 . 6 7  
1 . 9 5  
1 .8  
1 .62  
*See Page 11 f o r  a d e s c r i p t i o n  of t h e  two gauge method of flow measurement. 
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Four L i t e r  Per  Second Pro to type  Pump 
To make a fou r  l i t e r  pe r  second pump t h e  anode and p o s t  geometry w a s  
l e f t  i d e n t i c a l  t o  t h e  two l i t e r  p e r  second pump along w i t h  t h e  cathode t o  
anode spac ings  and t h e  t i t an ium cathode th i ckness ,  b u t  two anodes w e r e  
contained w i t h i n  a s i n g l e  housing, as shown i n  F igures  3 ,  4 and 5. 
The anodes are sepa ra t ed  by 0 . 3 2 5  i n c h  by t h e  suppor t ing  b racke t ,  which 
i n  t u r n  i s  supported by a 0.250 inch  diameter  s h a f t  pass ing  through t h e  h igh  
v o l t a g e  feedthrough.  The s h a f t ,  i n  a d d i t i o n  t o  provid ing  suppor t  f o r  t h e  
anodes, a l s o  carries t h e  h igh  v o l t a g e  r equ i r ed  f o r  t h e  pump t o  func t ion .  
The h igh  vo l t age  feedthrough is  a brazed ceramic i n s u l a t o r  w i t h  a corona 
d i scha rge  level of over  5,800 v o l t s .  
Ion  s h i e l d i n g ,  t o  prevent  t he  ceramic from charging up o r  being contami- 
na ted ,  i s  provided by t h e  r i n g  s h i e l d  on the  suppor t ing  s h a f t .  The e n t i r e  
i o n  pump wi th  t h e  except ion  of  t he  cathodes and ceramic i n s u l a t o r  is  con- 
s t r u c t e d  from 304 CRES. To keep t h e  geometry of  t h i s  pump t h e  same as 
t h e  two l i t e r  p e r  second commercial pump, and a l s o  provide noble  gas  pumping, 
t he  tantalum p o s t s  were a l s o  r e t a i n e d .  The mechanical suppor t  w a s  examined 
t o  i n s u r e  t h a t  t h e  r e sonan t  frequency of t h e  anode assembly w a s  above t h e  
2000 h e r t z  minimum normally r equ i r ed  f o r  f l i g h t  a p p l i c a t i o n s .  The computa- 
t i o n s  are shown 
1 The s p r i n g  
P 
Y 
K = -  
below: 
cons t an t ,  K, of a system i s  de f ined  as: 
3EI = -  
L3 
where : P = Load 
y = Displacement 
E = Modulus of e l a s t i c i t y  of t h e  suppor t  member 
I = Moment of i n e r t i a  
L = Length of suppor t  member 
The frequency i s  given by: 
(9) 
f = 112 71 
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where: M = Mass ( t o t a l )  
The t o t a l  m a s s  i s :  
W 
g G r a v i t a t i o n a l  Constant 
Weight of Sha f t  + Weight of  Anodes M = - =  
with anode weight being 
wa = pV = (0 .29 )  (0 .064)  = 0.0175 l b s  
where: P = Density 
V = Volume 
The p o s t  weight ( s h a f t  + bracket)  
w = (0.29) (0.0437) = 0.0127 l b s  
P 
(0.0127 + 0.0175)  = 7 8 . 3  10 -6 l b / s e c  2 
386 i n  
thus:  M = 
which g ives  a resonant  frequency of :  
= 3,580 Hz 39,500 
The above resonant  frequency i s  accep tab le  s i n c e  i t  i s  w e l l  above t h e  
2000 h e r t z  minimal normally s p e c i f i e d .  
Analysis of t h e  new magnet design i n d i c a t e d  t h a t  t h e  f i e l d  s t r e n g t h  a t  
the  c e n t e r  of the a i r  gap would b e  about 1200 gausses.  The geometry of t h e  
magnet i s  shown i n  Figure 6 .  The magnet c a l c u l a t i o n s  are presented i n  
Appendix A. 
j 
. . J 
The pump w a s  assembled and t h e  magnet w a s  charged w i t h  t h e  magnetic f i e l d  
s t r e n g t h  obtained,  as a func t ion  of t h e  changing level of t h e  magnet charger  
(Model 2470-350, RFL I n d u s t r i e s ,  I n c . ) ,  as shown i n  Table 3. 
10 
NASA CR-111856 
TABLE 3.- MAGNETIC FIELD STRENGTH 
Charging Level 
(VOl t s ) 
1 (~70) 
2 (Q110) 
3 ( ~ 1 5 0 )  
4 (G190) 
5 ( ~ 2 3 5 )  
6 ( ~ 2 5 0 )  
7 ( ~ 3 0 0 )  
B F i e l d  
(Gauss) 
470 
1,100 
1,350 
1,390 
1,420 
1,420 
1,420 
The magnetic f i e l d  w a s  s t a b i l i z e d  a t  t h e  designed level of 1,200 gauss  
and t h e  magnet w a s  then ready t o  be  assembled w i t h  t h e  i o n  pump. 
assembly w a s  i n s t a l l e d  on a vacuum system as shown i n  F igure  7 and baked 
t o  about  400 degrees  cen t ig rade  f o r  twenty-four hours  (without  t h e  magnet). 
The pump 
The test vacuum system conf igu ra t ion  a l lows  t h e  measurement of t h e  
pumping speed of a pump by t h e  two gauge, known conductance method. 
i , 
The pumping speed may be  c a l c u l a t e d  us ing  t h e  gene ra l  equat ion:  
AP2 - AP1 
s = c  
P Apl 
where : c = Known conductance 
AP2 = Pressu re  reading  a t  gauge No. 2 minus background p res su re  of 
gauge No. 2 
AP1 = P r e s s u r e  reading  a t  gauge No. 1 minus background p res su re  of  
gauge No. 1 
The background p r e s s u r e s  are measured p r i o r  t o  opening t h e  v a r i a b l e  
l e a k  valve. 
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The conductance of c above i s  c a l c u l a t e d  from t h e  o r i f i c e  geometry: 
c = 11.6 A R/sec ( f o r  N2) 
A = Area of a p e r t u r e  i n  c m  2 where : 
After  t h e  system w a s  baked and t h e  magnet w a s  mated w i t h  t h e  i o n  pump, 
tests to determine the s t a r t i n g  c h a r a c t e r i s t i c s  w e r e  undertaken. With t h e  
bypass valve open and a background p res su re  of 6 x 10-9 t o r r  the i o n  pump 
w a s  s t a r t e d .  The pump s t a r t e d  w i t h  the  running parameters  f o r  t h e  low 
p res su re  s tar t  shown i n  Table  4. 
T i m e  
S t a r t  
60 sec 
120 sec 
180 sec 
240 sec 
300 sec 
10 min 
15 min 
20 min 
25 min 
30 min 
TABLE 4.- LOW PRESSURE STARTING DATA 
170 
140 
150 
140 
140 
135 
150 
125 
118 
115 
115 
v 
Pump 
( V O l  t s ) 
~~ - 
3,525 
3,525 
3,500 
3,525 
3,525 
3,525 
3,525 
3,525 
3,540 
3,540 
3,540 
p2 P, - t o r r  - I 
6.6 x lo-’ 
3.0 x 
2.6 x 
7.5 x 
2.0 
1 . 4  
4.4 x 
2.8 x 
2.1 x 
1 . 7  x 
1 .6  x 
6.5 
2.6 x 
2.3 x 
7.2 x 
1.8 
1 .2  
4.2 x 
2.7 x 
2.0 x 
1 .6  x 
1.6 x 
Having shown t h a t  t h e  pump i s  capable  of s t a r t i n g  s u c c e s s f u l l y  a t  ve ry  
low p r e s s u r e s ,  t e s t i n g  wi th  h igh  p r e s s u r e  starts w e r e  i n i t i a t e d .  
p re s su re  tests w e r e  conducted by tu rn ing  the  pump o f f ,  c l o s i n g  t h e  bypass 
valve and opening t h e  v a r i a b l e  l e a k  u n t i l  t h e  d e s i r e d  p res su re  w a s  a t t a i n e d .  
The test gas  i n  a l l  cases w a s  nigrogen. 
t i o n s  are shown i n  Table  5, 
The h igh  
The h igh  p res su re  s t a r t i n g  condi- 
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p1 
( t o r r )  
1.0 
5.0 
1.0 
5.0 
1.0 
5.0 
vP 
( v o l t s )  
3,480 
3 580 
3,600 
3,600 
3,600 
3,525 
I 
P 
520 pA 
1 . 7  mA * 
450 pA 
250 pA 
120 pA 
140 pA 
*S ta r t ing  Pu l se  ( a l l  o t h e r  c u r r e n t s  some seconds a f t e r  s t a r t )  
I n  t ak ing  t h e  above d a t a  t h e  v a r i a b l e  i n l e t  l e a k  is  opened t o  raise t h e  
system p r e s s u r e  t o  t h e  va lue  P1 wi th  t h e  i o n  pump o f f .  
pump i s  s t a r t e d  t h e  p r e s s u r e  begins  t o  drop and t h e  t i m e  r equ i r ed  t o  pump 
down t o  an equ i l ib r ium p r e s s u r e  i s  less than  one minute,  even wi th  a 
s t a r t i n g  p r e s s u r e  of 1 x 10-3 t o r r .  A test  w a s  a l s o  conducted t o  determine 
t h e  i o n  pump c u r r e n t  and v o l t a g e  a t  a g iven  p r e s s u r e  by vary ing  the  l e a k  
rate w i t h  the  pump on, u n t i l  a s t a b l e  p r e s s u r e  w a s  a t t a i n e d  a t  t h e  requi red  
A s  soon as t h e  i o n  
I 
i ’ l e v e l .  The r e s u l t s  of t h i s  test are shown i n  Table  6.** 
TABLE 6.- CURRENT-VOLTAGE VERSUS PRESSURE 
p1 
( t o r r )  
5 .0  
1.0 
5.0 
1.0 
5.0 x 
1.0  x 
p2 
( t o r r )  
7.2 
1 . 7  
1.0 
1 . 8  lom5 
1.0 
1.3 x loe6 
I 
P 
11.0 mA 
2.8 pA 
1 . 7  pA 
370 pA 
244 pA 
105 pA 
V 
P 
(VOl t s ) 
2 850 
3,300 
3,400 
3,580 
3,600 
3,620 
**This d a t a  w a s  t aken  u t i l i z i n g  a Varian Assoc ia tes  Model 921-0015 
Ion Pump Cont ro l  Unit .  
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Having shown above t h a t  t he  i o n  pump can be s t a r t e d  and opera ted  a t  a 
g r e a t e r  p r e s s u r e  range than  r equ i r ed ,  tests t o  measure t h e  pumping speed 
were i n i t i a t e d .  
The pumping speed of t h i s  i o n  pump f l u c t u a t e d  s i g n i f i c a n t l y  from 
measurement t o  measurement, b u t  w a s  c o n s i s t e n t l y  low, ranging from about 
one l i t e r  p e r  second t o  two and one-half l i ters p e r  second a t  a p r e s s u r e  of 
1 x 10-6 t o r r ,  even wi th  an  anode vo l t age  of 5,000 v o l t s .  
w a s ,  a t  b e s t ,  somewhat over  h a l f  t h e  va lue  expected. An i n t e n s e  i n v e s t i -  
g a t i o n  w a s  t h e r e f o r e  i n i t i a t e d  t o  determine t h e  cause f o r  t he  low speed 
measured. The v o l t a g e  w a s  v a r i e d  t o  determine the  e f f e c t  of vo l t age  on 
pumping speed,  s i n c e  Varian design engineers  had p rev ious ly  s t a t e d  t h a t  
v o l t a g e  played a l a r g e  p a r t  i n  determining t h e  pumping speed f o r  a g iven  
pump. The l a r g e  v a r i a t i o n s  w e r e  a t t r i b u t e d  t o  t h e  low pumping speed com- 
bined wi th  exper imenta l  v a r i a t i o n s .  
This pumping speed 
T e s t  r e s u l t s  showed a dependence of pumping speed on vo l t age ,  as 
i n d i c a t e d  i n  F igure  8, b u t  i t  w a s  no t  t h e  s t r o n g  dependence t h a t  w a s  
expected. I n  f a c t ,  t h e  v a r i a t i o n s  of pumping speed wi th  anode v o l t a g e  w a s  
no t  much g r e a t e r  than  t h e  r e p e a t a b i l i t y  v a r i a t i o n s  from run-to-run. It 
w a s  concluded t h a t  t h e  geometry of t h e  pump and the  f i e l d s  d i d  n o t  a l low 
the  pumping speed g o a l  t o  be achieved,  and a n  a n a l y s i s  of t h e  d i scha rge ,  
i nc lud ing  magnetic f i e l d s ,  was i n i t i a t e d .  A c o n s u l t a n t  w a s  a l s o  employed 
t o  t ake  f u l l  advantage of e x i s t i n g  knowledge, b u t  no major causes  could 
be  i d e n t i f i e d .  From the  d i scha rge  a n a l y s i s  i t  w a s  f e l t  t h a t  t h e  nonuni- 
formi ty  and t h e  geometry of t h e  magnetic f i e l d  as w e l l  as i t s  s t r e n g t h  w a s  
more important  than vo l t age .  It w a s  t heo r i zed  t h a t  the  f i e l d  asymmetries 
combined wi th  t h e  p h y s i c a l  pump geometry causes  t h e  d ischarge  t o  change 
modes f r e q u e n t l y  due t o  i n s t a b i l i t i e s  and a l s o  i t  appears  t h a t  d i scha rges  
w e r e  formed o u t s i d e  of t h e  anodes between t h e  two anode cel ls .  This  l e a d s  
t o  very i n e f f e c t i v e  pumping because most of t h e  e l e c t r o n s  produced are 
l o s t  be fo re  they  have a chance t o  i o n i z e  an  apprec i ab le  number of gas  
molecules.  
are fewer i n  number. This  e f f e c t  p r e s e n t s  i t s e l f  as a l a r g e  i o n i z a t i o n  
i n e f f i c i e n c y  o r  as an  excep t iona l ly  l a r g e  c u r r e n t  a t  any g iven  p r e s s u r e ,  
e s p e c i a l l y  low p res su res .  
I / p  parameter  i s  examined. Reviewing Figure  8, no te  t h a t  a t  low p res su res  
I / p  i s  very  h igh  f o r  t h e  pumping speed. 
an  I / p  from f i f t e e n  t o  f o r t y  amperes p e r  t o r r  p e r  l i t e r s  p e r  second. When 
t h e  I / p  va lue  runs i n t o  hundreds of amperes p e r  t o r r  p e r  l i t e r s  p e r  second, 
i t  becomes apparent  t h a t  very  l a r g e  i n s t a b i l i t i e s  of t h e  d i scha rge  are occur- 
r i n g  cons t an t ly .  Analysis  of t h e  d a t a  ind ica t ed  t h a t  because of t h e  rela- 
r i v e l y  s m a l l  change i n  pumping speed w i t h  vo l t age ,  t h e  pump must have been 
ope ra t ing  i n  t h e  r e g i o n  where accord ing  t o  publ i shed  d a t a  a change of mag- 
n e t i c  f i e l d  has  a l a r g e  a f f e c t  on t h e  pumping speed (see Figure  9 ) , 2  To tes t  
This would be  e s p e c i a l l y  t r u e  a t  low p r e s s u r e s  where molecules 
Such a n  e f f e c t  should be very  obvious when t h e  
A normal d iode  pump should have 
2 Important C h a r a c t e r i s t i c s  of New Type Get ter-Ion Pump by R.L. Jepsen,  
1959 Varian Assoc ia tes ,  VR-7. 
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i 
t h i s  hypothes is  and t o  determine t h e  e f f e c t  of bo th  f i e l d  geometry and f i e l d  
s t r e n g t h  several tests were r u n  w i t h  va r ious  magnet conf igu ra t ions .  The 
f i r s t  s p e c i a l i z e d  tes t  w a s  t o  run  a s i n g l e  anode, by applying a magnetic 
f i e l d  t o  only one anode, w i th  a t y p i c a l  two l i t e r  pe r  second Varian magnet 
and determine i t s  approximate speed. This  tes t  provides  one anode wi th  
t h e  normal f i e l d  geometry of a two l i t e r  pe r  second Varian pump. 
l e f t  and r i g h t  anode cells were t e s t e d  i n  t h i s  manner wi th  t h e  test r e s u l t s  
shown i n  F igure  10. I n  a l l  test  d a t a  taken,  t h e  pumping speed i n  t h e  10-5 
t o r r  r e g i o n  is  d is regarded  because of p r e s s u r e  gauge u n c e r t a i n t i e s .  P l o t s  
of t h e  magnetic f i e l d s  are shown i n  F igure  11. With t h e  s i n g l e  c e l l  test ,  
the  magnetic f i e l d ,  a l though weaker is  much more uniform, t h e r e f o r e ,  t h e  
pumping speed may be considered t o  be  about  one and one-half l i ters  pe r  
second f o r  each ce l l  under good f i e l d  geometry and s t r e n g t h .  
Both 
1 
F i e l d  geometry and s t r e n g t h  p l a y  a l a r g e  r o l e  i n  determining t h e  pumping 
speed because,  as w a s  shown i n  Equation (8 ) ,  t h e  f i e l d  s t r e n g t h  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  r a d i u s  of t h e  e l e c t r o n  o r b i t s  about a magnetic l i n e .  
Since t h e  e l e c t r o n s  w i l l  gene ra l ly  s p i r a l  about  t h e  magnetic l i n e s ,  t h e  
o r i e n t a t i o n  of t h e s e  l i n e s  i s  very important .  These l i n e s  must be  p a r a l l e l  
t o  t h e  anode s u r f a c e  and should n o t  c r o s s  t h e  anode w a l l s .  Any c ross ing  of 
t h e  w a l l s  by t h e s e  l i n e s  w i l l  cause e l e c t r o n s  s p i r a l i n g  around such l i n e s  
t o  impact t h e  anode w a l l s  and be e l imina ted .  El imina t ion  of such e l e c t r o n s ,  
i n  t u r n ,  reduces t h e  i o n i z a t i o n  rate of t h e  gas  molecules and a l s o  a f f e c t s  
t h e  d ischarge  geometry, making i t  i n e f f i c i e n t  f o r  pumping. 
1 
i 
Two-two l i t e r  p e r  second pump magnets w e r e  placed toge the r  t o  approximate 
a more uniform f i e l d  d i s t r i b u t i o n  ( see  F igure  11)  and tests w e r e  conducted 
wi th  t h e  r e s u l t s  shown i n  F igure  10. The d a t a  w a s  taken a t  5,000 v o l t s  and 
no d i r e c t  comparison could be made wi th  t h e  o t h e r  conf igu ra t ions  shown i n  
F igure  10, which were taken a t  4,000 v o l t s .  
under more t i g h t l y  c o n t r o l l e d  cond i t ions  and d a t a  w a s  taken i n  both d i r ec -  
t i o n s  of p r e s s u r e  change; i n c r e a s i n g  and decreas ing .  The d a t a  is  shown i n  
F igures  12  and 13. On t h e  s u r f a c e ,  a l l  t h e  above d a t a  ind ica t ed  t h a t  t h e  
low pumping speed could no t  be  improved except  by running t h e  pump a t  
h ighe r  vo l t ages ,  as shown i n  F igure  14. The pumping speed i n  t h e  d e s i r e d  
p r e s s u r e  range however (10-6 t o r r ) ,  w a s  n o t  s u f f i c i e n t ,  even wi th  5,000 
v o l t s ,  and t h e  e lectr ical  feedthrough on t h e  pump could n o t  be  run over  
5,500 v o l t s .  
These experiments were repea ted  
The problem seemed t o  be  the  pump and f i e l d  geometry. F igure  15 shows 
t h e  d e s i r e d  magnetic f i e l d  geometry ve r sus  t h e  a c t u a l  geometry. I n  o r d e r  t o  
approximate t h e  d e s i r e d  geometry, t h e  two-two l i t e r  p e r  second Varian magnets 
were a g a i n  p laced  toge the r  w i t h  a s e p a r a t i o n  of about  th ree-e ights  i nch  
between them, w i t h  t h e  r e s u l t i n g  magnetic f i e l d  shown i n  F igures  16 and 17. 
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These two f i g u r e s  show t h a t  t h e  f i e l d  i s  very uniform a t  t h e  anodes,  b u t  
i t  i s  lower than  t h e  r equ i r ed  f i e l d  as def ined  i n  F igure  9. Several runs  
w e r e  made w i t h  the new conf igu ra t ion  and t h e  s tandard  magnet. The d a t a  
from t h e s e  runs  w a s  compared as shown i n  F igure  18. This  d a t a  i n d i c a t e s  
t h a t  some improvement has  been achieved by t h e  new conf igu ra t ion  b u t  i t  
requi red  a s t r o n g e r  magnetic f i e l d ,  which must be more adequate ly  t e s t e d .  
Since a s t r o n g e r  magnet w a s  n o t  r e a d i l y  a v a i l a b l e ,  i t  w a s  decided t o  con- 
s i d e r  o t h e r  areas f i r s t .  A test of t h e  ion  pump f o r  argon pumping speed 
w a s  conducted. The pumping speed w i t h  pure  argon w a s  excep t iona l ly  h igh  
and less v a r i a n t  than  w i t h  n i t rogen .  It appears  t h a t  t h e  pumping speed f o r  
pure argon i s  about f o r t y  pe rcen t  of t h a t  f o r  n i t r o g e n  ( see  F igure  19 ) .  
The pumping speed f o r  argon w a s  measured w i t h  the  s tandard  magnet (P-E 
magnet) designed f o r  t h i s  pump. 
When argon i s  used as t h e  pumped gas  i n  a d iode  type  i o n  pump a l l  t h e  
pump s u r f a c e s  are e i t h e r  c leaned of bur ied  i m p u r i t i e s  by t h e  s p u t t e r i n g  
caused by t h e  argon ions ,  o r  are covered by pure  t i t an ium o r  tantalum 
l a y e r s ,  s i n c e  t h e  argon cannot form a chemical compound wi th  t h e s e  two 
materials. The s u r f a c e  c l ean ing  e f f e c t  of argon can e i t h e r  be achieved by 
a long d u r a t i o n  of running argon a t  low p res su res  o r  by a r e l a t i v e l y  s h o r t  
d u r a t i o n  a t  h igh  p res su re .  
course  increase t h e  pumping speed of a pump temporar i ly  f o r  active gases .  
This  i s  due t o  active gas  molecules c o l l i d i n g  wi th  t h e  exposed (c lean)  
t i t an ium o r  tantalum l a y e r s  and forming s t a b l e  compounds thus  i n  e f f e c t  
causing s u r f a c e  pumping u n t i l  t h e  exposed t i t an ium on t h e  s u r f a c e  i s  
dep le t ed  . 
A c l e a n  t i t an ium o r  tantalum s u r f a c e  w i l l  of 
The pumping speed f o r  n i t r o g e n  w a s  measured a f t e r  t h e  argon a c t i v a t i o n .  
The r e s u l t s  f o r  both i n c r e a s i n g  and decreas ing  p res su res  are shown i n  F igure  
20. The d a t a  i n  t h i s  f i g u r e  i n d i c a t e s  t h a t  i n s u f f i c i e n t  s t a b i l i z a t i o n  t i m e  
w a s  al lowed b e f o r e  t h e  d a t a  w a s  taken,  thus ,  t h e  c o r r e c t  speed would be  t h e  
average of bo th  d i r e c t i o n s ,  o r  about  two and one-half l i t e r s  p e r  second. 
Argon a c t i v a t i o n  proved t h a t  t h e  i o n  pump could pump argon s t a b l y  and as 
expected, i t  inc reased  t h e  pumping speed of active gases  f o r  a temporary 
pe r iod  a f t e r  argon a c t i v a t i o n .  
another  temporary magnet w a s  cons t ruc ted  similar t o  t h e  s tandard  P-E des ign  
(Figure 6). The two similar magnets were placed toge the r  w i th  a spac ing  
of approximately one-half inch  and i n  a manner s i m i l a r  t o  t h e  two-two l i ters  
pe r  second magnet p rev ious ly  mentioned. The magnetic f i e l d  s t r e n g t h  w a s  
about one and one-tenth k i logauss ,  b u t  t h e  magnetic f i e l d  w a s  a lmost  uniform 
i n  a l l  d i r e c t i o n s  i n  t h e  v i c i n i t y  of t h e  anode cel ls .  Seve ra l  runs  w e r e  
made t o  test t h e  a f f e c t  of geometry and f i e l d  s t r e n g t h  and t h e  r e s u l t s  are 
shown i n  F igure  21. Observe t h a t  t h e  uniformity of t h e  f i e l d  provides  a 
g r e a t e r  change i n  pumping speed than  a twenty pe rcen t  i n c r e a s e  i n  f i e l d  
s t r e n g t h ,  F igure  22 shows t h e  a f f e c t  of f i e l d  s t r e n g t h  v a r i a t i o n  on pumping 
While the  argon test  w a s  being conducted, 
i 
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speed, F igure  23 shows the  e f f e c t  of geometry wh i l e  F igure  24 shows the  
e f f e c t  of vo l tage .  
n e t i c  f i e l d  parameters  are the  most impor tan t ,  b u t  t h a t  a much s t r o n g e r  
uniform f i e l d ,  perhaps about  1,500 gausses  i s  r equ i r ed  t o  reach  a speed of 
t h r e e  l i ters p e r  second w i t h  t h e  p r e s e n t  pump geometry. 
s t r e n g t h  cannot be  obta ined  over  t h e  t o t a l  d i scha rge  area w i t h  a magnet 
having a reasonable  weight.  
t o  change t h e  geometry of t h e  pump. 
The above f i g u r e s  immediately i n d i c a t e  t h a t  t h e  mag- 
Such a f i e l d  
It w a s  concluded t h a t  i t  would be  necessary  
Eight  C e l l  P ro to type  
The pump geometry w a s  reviewed, b u t  i t  became immediately apparent  t h a t  
t h e r e  w a s  no t  complete freedom t o  r edes ign  t h e  e n t i r e  i o n  pump. 
t i o n s  r e s u l t e d  from t h e  requirement  t h a t  t h e  i o n  pump developed on t h i s  
c o n t r a c t  w a s  t o  be  app l i ed  on t h e  m a s s  spec t rometer  system be ing  developed 
f o r  NASA Manned Spacecraf t  Center under c o n t r a c t  NAS 9-9799. The pump 
housings f o r  t h a t  c o n t r a c t  were a l r e a d y  designed and i n  f a b r i c a t i o n  and 
w e r e  based  upon the  i n i t i a l  two c e l l  des ign .  
t o  u t i l i z e  t h e s e  housings i f  a t  a l l  poss ib l e .  
The restric- 
Any redes ign  t h e r e f o r e  had 
The most obvious geometry change w a s  t o  des ign  t h e  anodes so  t h a t  
they are immersed i n  a more uniform magnetic f i e l d .  This  man i fe s t s  i t s e l f  
, as a smaller anode diameter  t o  reduce t h e  f i e l d  g r a d i e n t  w i t h i n  each anode. 
However, t h e  anode diameter  cannot be  decreased a r b i t r a r i l y ,  s i n c e  t h e  pump- 
i n g  speed is  p r o p o r t i o n a l  t o  t h e  product  of t h e  magnetic f i e l d  s t r e n g t h  and 
anode r a d i u s .  Ear l ie r  experimental  d a t a  (see NAS1-6387) has  shown t h a t  i n  
o rde r  f o r  an i o n  pump t o  work e f f i c i e n t l y  a t  p re s su res  of t o  t o r r ,  
t h e  minimum B r a  product  must b e  g r e a t e r  than  400 gauss p e r  cent imeter .  
w a s  l i m i t e d  freedom t o  change t h e  magnetic f i e l d  s t r e n g t h  and t h e r e f o r e  a 
minimum anode r a d i u s  w a s  e s t a b l i s h e d .  Af t e r  a n a l y s i s  of t h e  parameters  i t  
w a s  determined t h a t  t h e  optimum anode geometry w a s  a n  anode assembly composed 
of e i g h t  cells .  Each of t h e  c e l l s  would b e  one-half inch  i n  diameter .  With 
an  average f i e l d  s t r e n g t h  of one k i logauss  t h e  B r a  product  i s  then  approxi- 
mately one and th ree - t en ths  k i logauss  pe r  cen t ime te r ,  w e l l  above t h e  mini- 
mum. The e i g h t - c e l l  anode c o n f i g u r a t i o n  a l s o  increased  t h e  usab le  cathode 
area from about  one square  inch  t o  over  one and one-half squa re  inches .  
anode l e n g t h  w a s  reduced from about  one inch  t o  about  0.87 inch ,  which only  
decreased t h e  d i scha rge  volume s l i g h t l y .  
t h a t  a s i n g l e  c e l l  of f i ve - t en ths  by n ine- ten ths  of a n  inch  could provide  a 
pumping speed of up t o  one l i t e r  pe r  second (see Figure  9 ) .  With t h e  mag- 
n e t i c  f i e l d  s t r e n g t h  a v a i l a b l e  and a n  ope ra t ing  vo l t age  of about  4,000 v o l t s ,  
There 
The 
It w a s  found i n  t h e  l i t e r a t u r e 2  
2 Refer  t o  foo tno te  on Page 14 
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i t  w a s  f e l t  t h a t  t h e  e i g h t  cells would provide  a pumping speed of between 
t h r e e  and f o u r  l i ters p e r  second. A l l  t h e  ana lyses  poin ted  towards success  
of t h e  e i g h t - c e l l  con f igu ra t ion .  But as an added p recau t ion ,  t h e  magnet 
w a s  redesigned t o  i n c r e a s e  t h e  magnetic material and t h e  pump housing over  
t h e  cathodes w a s  made of magnetic material i n  o rde r  t o  provide  a more 
uniform magnetic f i e l d .  F igures  25 and 26 show t h e  f i n a l  conf igu ra t ion  of 
t h e  Eight-Cell  Pro to type  Ion  Pump. The tantalum p o s t s  were e l imina ted  
because exper imenta l  o r  t h e o r e t i c a l  d a t a ,  which would s u b s t a n t i a t e  t h e i r  
va lue  i s  n o t  a v a i l a b l e ,  and i t  would b e  more d i f f i c u l t  t o  l o c a t e  t h e  p o s t s  
i n  an  e i g h t - c e l l  des ign  w i t h  smaller cathodes.  The Eight-Cell  Pro to type  Ion  
Pump w a s  f a b r i c a t e d  w i t h  t h e  i n t e n t  of proving t h e  new geometry of t h e  anode 
and magnetic p o l e  f aces .  No e f f o r t  w a s  expended t o  des ign  a noble  gas 
pumping c a p a b i l i t y  i n  t h e  pro to type ,  t h e r e f o r e ,  two t i t an ium cathodes 
were u t i l i z e d .  
The p ro to type  pump w a s  t e s t e d  wi th  a t y p i c a l  pumping speed ve r sus  
p re s su re  c h a r a c t e r i s t i c  as shown i n  F igure  27. Pumping speed,  as a func t ion  
of vo l t age  a t  a cons t an t  p r e s s u r e  of 1 t o  2 x 10-6 t o r r ,  i s  shown i n  Fig- 
u re  28. From t h i s  f i g u r e  no te  t h a t  t h e  pumping speed levels o f f  above 
4,000 v o l t s .  This i n d i c a t e s  t h a t  t h e  magnetic f i e l d  i s  n o t  a t  a n  optimum 
s t r e n g t h  f o r  t h e  in tended  ope ra t ing  anode v o l t a g e .  With a f i e l d  s t r e n g t h  
of about  1,500 gauss ,  t h e  pumping speed could p o s s i b l y  b e  over  s i x  l i ters  
p e r  second. The p r e s e n t  pumping speed of about  four  l i ters p e r  second is 
adequate  however, so  no at tempt  w a s  made t o  change t h e  magnet geometry. 
The p ro to type  pump w a s  t e s t e d  f o r  argon pumping and as expected i t  would 
n o t  pump argon a f t e r  t h e  cathodes were argon s a t u r a t e d .  
A pumping speed test w a s  a l s o  conducted w i t h  a i r  as t h e  sample gas .  
The pump went i n t o  argon i n s t a b i l i t i e s  a f t e r  a pe r iod  of t i m e  as would b e  
expected. The i o n  pump des ign  used i n  t h e  p ro to type  can e a s i l y  b e  changed 
t o  an argon s t a b l e  pump by merely changing one of t h e  cathodes from t i t an ium 
t o  tantalum. A t i t an ium/ tan ta lum pump can pump argon a t  about  twenty-five 
pe rcen t  of t h e  pumping speed of n i t rogen .  
The redesigned p ro to type  w a s  t e s t e d  f o r  s t a r t i n g  c h a r a c t e r i s t i c s  in- 
c luding  starts and runs  wi th  t h e  newly designed breadboard power supply*. 
F igure  29 shows t h e  v o l t a g e  r equ i r ed  t o  s ta r t  t h e  i o n  pump a t  a g iven  pres- 
s u r e  i n  t h e  h igh  p r e s s u r e  region.  
p re s su res  between 10-9 and 10-3 t o r r .  
The pump w a s  s u c c e s s f u l l y  s t a r t e d  a t  
*See Volume 3 of 6 of t h i s  f i n a l  r e p o r t .  
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The p ro to type  w a s  a l s o  t e s t e d  f o r  pumping speed v a r i a t i o n s  ve r sus  t i m e  
a t  a p r e s s u r e  of approximately 2 x 
Table 7) .  
pump t o  e x h i b i t  i n s t a b i l i t i e s .  
t h e  test continued. 
o t h e r  than t h e  normal exper imenta l  v a r i a t i o n s .  
t o r r  f o r  over s i x t e e n  days (see 
The test gas  a t  f i r s t  w a s  a i r ,  b u t  a rgon  i n  t h e  a i r  caused t h e  
The a i r  sample w a s  r ep laced  by n i t r o g e n  and 
The test showed no t i m e  e f f e c t  on t h e  pumping speed 
TABLE 7.- LONG TERM I O N  PUMP TEST 
E I 
P 
Days ( t o r r )  ( t o r r )  I (v0:t-s) 1 (vA) p1 
1 2.0 x 7.6 x 3,950 225 
2 1 .7  x 6.8 x 4,000 180 
4.5 
4.9 
A i r  
A i r  
PUMP OPERATION WITH ARGON INSTABILITIES BECAUSE OF ARGON I N  A I R .  
2 
3 
4 
5 
6 
9 
1 0  
11 
12  
15 
15 
15 
16  
2.4 x lov6  
2.4 
2.4 
1 .9  
1.8 
1 .6  
2.2 
2.2 
2 ,2  
1.8 
2 .1  
2.0 
2.0 
CHANGED PUMPED GAS TO 
7.8 x 
7.7 
7.6 
6 . 1  
5.8 
5.0 
6.8 
6.7 
6.7 
5.7 
7.6 
6.9 
7.0 
3,780 
3,770 
3,750 
3,880 
3,900 
3,960 
3,780 
3,790 
3,770 
3,940 
4,80056 
>4 OOO** 
>4,000 
2 '  
300 
310 
320 
250 
240 
200 
300 
29 5 
300 
250 
2 80 
290 
300 
3.64 
3.56 
3.5 
3.56 
3.6 
3.4 
3.4 
3.3 
3.3 
3.2 
4.2 
3.9 
4.0 
N2 
*Changed t o  l a b  power supply  **Changed t o  f l i g h t  breadboard power supply 
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As noted i n  Table 7,  t h e  f l i g h t  breadboard power supply w a s  allowed t o  
run  t h e  pump as p a r t  of t h e  long d u r a t i o n  test .  
modes of ope ra t ion ,  f irst ,  t h e  h igh  v o l t a g e  mode is  a t  4,800 v o l t s  and second, 
t h e  low v o l t a g e  mode i s  a t  800 v o l t s .  
vo l t age  mode u n t i l  t h e  pump draws approximately one mil l iampere of c u r r e n t ,  
a t  which t i m e  i t  swi tches  t o  t h e  low mode, which can draw up t o  twelve m i l l i -  
amperes. It s t a y s  i n  t h e  low vo l t age  mode u n t i l  t h e  c u r r e n t  demand is  less 
than  100 microamperes, a t  which t i m e  i t  swi tches  back t o  t h e  high mode. The 
p res su re  levels a t  which t h e  swi tch ing  occurs  are shown i n  Table 8. 
This  power supply has  two 
The power supply s t a y s  i n  t h e  high 
I p 1  
2.0 x 
2.0 
6.25 
1 .0  x 
6.2 x 
7.2 x 
7.5 x 
7.0 x 
3 . 4  x 
I 2.2 
TABLE 8.- PUMP POWER SUPPLY BEHAVIOR 
p2 
4 .8  x 
6.5 
2.15 x 
3.7 x 
2.0 
8.6 x 
7.6 x 
5.6 
I P  
< 5 PA 
20 PA 
60 
120 
820 
960 
205 
190 
100 
25 
EP 
4 , 8 0 0  
4 ,800  
4 ,800  
4 ,800  
4 ,800  
800 
80 0 
4,800 
ROUGH PUMPING 
Mode 
High 
High 
High 
High 
High 
Comments 
Background inc reased  
i n l e t  l e a k  
Switched t o  low mode 
Reduced i n l e t  leak 
Switched t o  h igh  mode 
When t h e  m a s s  spec t rometer  system i s  vented,  p rov i s ions  must b e  made 
t o  rough pump t h e  system down, from t h e  r e s u l t i n g  h igh  p res su re ,  t o  a t  o r  
below the  i o n  pump s t a r t i n g  p r e s s u r e  of a t  least  10-2 t o  10-3 t o r r ,  s o  t h a t  
t h e  i o n  pump can b e  s t a r t e d .  
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There are several methods which may be  u t i l i z e d  f o r  rough pumping, b u t  
they a l l  must be  u s e f u l  i n  a s p a c e c r a f t  environment. 
methods considered i n  t h i s  r e p o r t .  
The fo l lowing  are 
a. Vacuum l i n e  t o  o u t e r  space  
b. Cryo-sorption pumping 
c. Subl imat ion pumping 
Vacuum Line t o  Space 
I f  t h e  mass spec t rometer  system i s  vented t o  some high p r e s s u r e  t h e  
system can be pumped down t o  o r  below t h e  i o n  pump ope ra t ing  p r e s s u r e  by 
us ing  a l i n e  t o  o u t e r  space.  This  l i n e  is  connected between t h e  m a s s  spec- 
t rometer  system and t h e  o u t s i d e  s u r f a c e  of the  v e h i c l e .  A valve, o r  some 
type  of breakaway h a t  must be provided t o  main ta in  t h e  vacuum i n  t h e  system 
whi le  t h e  s p a c e c r a f t  i s  a t  t h e  launch condi t ion .  A va lve  i n s i d e  t h e  space- 
c r a f t  is  probably more d e s i r a b l e  f o r  easy access ,  b u t  a l lows  p a r t  of t h e  l i n e  
( o u t s i d e  of t h e  va lve )  t o  be contaminated w i t h  atmosphere. This  i n  t u r n  w i l l  
slow t h e  pumpdown t i m e  when t h e  va lve  is  open, b u t  is  overshadowed by the  
ease of access and s a f e t y  c o n s i d e r a t i o n s  i n  t h e  event  of a l a r g e  l e a k  i n  t h e  
m a s s  spec t rometer .  
I n  o rde r  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of a roughing vacuum l i n e  a 
computation w a s  made t o  determine t h e  l i n e  d iameter  r equ i r ed  t o  achieve  a 
p r e s s u r e  s u i t a b l e  f o r  i o n  pump s t a r t i n g  i n  a f i x e d  t i m e .  
assumptions and parameters w e r e  employed: 
The fo l lowing  
a. Molecular f low i n  l i n e  ( cons t an t  conductance). 
b. The volume of the  system t o  be pumped is one l i ter .  
c. I n i t i a l  system p r e s s u r e  i s  one atmosphere. 
d. P re s su re  r equ i r ed  f o r  s t a r t i n g  t h e  i o n  pump i s  10-4 t o r r .  
e. Pumpdown t i m e  r equ i r ed  is  100 seconds. 
The d i f f e r e n t i a l  equat ion  f o r  e v a l u a t i o n  of a volume through a f i x e d  
conductance ven t ,  i n  t h e  p r e s s u r e  of  an  inf low of gas through a l e a k  from a 
h ighe r  p r e s s u r e  source ,  is: 
v - dP = (Ps - P)  co - ( P  - Po)  c 
d t  
2 1  
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where V = Volume t o  b e  pumped out  
C = Leak i n t o  t h e  system 
Ps = High p r e s s u r e  s i d e  of C 
0 
0 
P = P r e s s u r e  of system 
P = U l t i m a t e  p r e s s u r e  of space 
C = Conductance of pump o u t  l i n e  
0 
rear ranging  t h e  terms of Equation (13) 
9 2 -  d t   Y-+ C 0 ps c v c p(>+; )  
s 0 
S S 
P 
+ - 
P 
= -  
T T 
Tn normal ope ra t ion  the' l e a k  i n t o  t h e  mass spec t rometer  would be shu t -  
o f f  when pumping o u t  t o  space ,  t hus  Co = 0. 
come : 
Equat ion (14) would then  be- 
(15) 0 
P 
d t  T T - I - -  
P 9 2  = - -  P 
which g ives  upon i n t e g r a t i o n '  
p f  = p0 + (Pi - P") e -t/T 
where Pf = F i n a l  p r e s s u r e : r e q u i r e d  (1 x loe4 t o r r )  
Pi = I n i t i a l  p r e s s u r e  (760 t o r r )  
P = Ultimate space  vacuum 
0 
f o r  
T = T i m e  cons t an t  
t = Required pumpdown t i m e  (100 sec) 
P > P  > > P  i f  0 
Pf = Po + Pi e 
-t I T  
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- -  pf  - t / T  
pi 
- e  
= 6.3117 sec 
This t i m e  cons t an t  r e q u i r e s  a l i n e  conductance of 
c = - -  '- -  = 0.158 R/sec 
T 6 . 3  
Since f o r  molecular  flow: 
D3 c = 12.1 - L 
where D = D i a m e t e r  of l i n e  (em) 
L = Length of l i n e  (cm) = 300 
I 
D3  = (0.158) (300) 
12.1 
D - 'L 1.5 cm o r  0.59 inch  
This  diameter  i s  f e a s i b l e  i n  terms of t y p i c a l  s p a c e c r a f t  i n t e r f a c e  
requirements .  
Cryo- Sorp t ion  Pumping 
A very  c l e a n  method of roughing down a vacuum system i s  by use  of 
s o r p t i o n  pumps which u t i l i z e  a s o r p t i v e  material such as a Molecular Sieve 
t o  t r a p  t h e  gases .  Unfortunately,  however, t h e s e  pumps r e q u i r e  c ryogenic  
temperatures  f o r  e f f i c i e n t  ope ra t ion .  To a t t a i n  these  low temperatures  i n  
the  l a b o r a t o r y ,  l i q u i d  n i t r o g e n  i s  used. However, l i q u i d  n i t r o g e n  cannot 
be  used i n  a s p a c e c r a f t  a p p l i c a t i o n  s i n c e  i t  is n o t  a v a i l a b l e  i n  t h e  space- 
c r a f t .  The a l t e r n a t i v e  t o  us ing  c ryogenic  l i q u i d s  is  t o  o p e r a t e  a t  least  
two pumps i n  a cascade f a s h i o n  a t  room temperature  (baking them and cool ing  
them t o  room temperature)  o r  t o  use  the rmoe lec t r i c  cool ing.  
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a 
The technique  of  cascading two pumps a t  room temperature  w a s  t e s t e d  i n  
t h e  l a b o r a t o r y  t o  determine t h e  minimum p r e s s u r e  which can be obta ined  by 
t h i s  method. F igure  31 shows t h e  test  se tup ,  w h i l e  Table 9 shows t h e  test 
da ta .  The lowest  p r e s s u r e  obta ined  us ing  t h i s  method, as noted from Table  
9 ,  w a s  34 torr., 
be  reduced t o  about  one t o r r  by cascading two pumps a t  room temperature.  
Even a t  one t o r r ,  however, t h e  p r e s s u r e  i s  s t i l l  a t  least two o r d e r s  of 
magnitude above t h e  p r e s s u r e  a t  which an  i o n  pump can  be e f f i c i e n t l y  started 
and opera ted .  
pumps, t h e  temperature  of t h e  pump has  t o  be decreased.  
With a f r e s h  molecular  s i e v e  t h e  p r e s s u r e  could probably 
I n  o rde r  t o  f u r t h e r  decrease  t h e  p r e s s u r e  by use  of s o r p t i o n  
Since cryogenic  l i q u i d s  are n o t  convenient ly  a v a i l a b l e  f o r  t h i s  use  i n  
Thermoelectr ic  cool ing  can provide  a maximum temperature  d i f -  
a s p a c e c r a f t ,  us ing  the rmoe lec t r i c  cool ing  t o  achieve  lower temperatures  
i s  poss ib l e .  
fe rence  of seventy  degrees  cen t ig rade  between t h e  h o t  and co ld  j u n c t i o n s .  
If the  h o t  j u n c t i o n  i s  maintained a t  a room temperature  of twenty-five 
degrees  cen t ig rade  by use  of a h e a t  s i n k ,  then t h e  minimum temperature  
a t t a i n e d  a t  t h e  pump can be as low as minus f o r t y - f i v e  degrees  cen t ig rade .  
A t  t h i s  temperature  a cryo-sorpt ion pump can reduce t h e  p r e s s u r e  a t  least 
another  one and a h a l f  decades below t h a t  a t  room temperature  o r  about  one 
t o r r  w i t h  t h e  test pumps mentioned above. 
Seve ra l  experiments were conducted t o  o b t a i n  t h e  minimum pres su res  
a t t a i n a b l e  a t  zero,  minus e i g h t y  and minus 195 degrees  cent igrade .  The 
d a t a  f o r  zero  and minus e i g h t y  degrees  cen t ig rade  are shown i n  Tables  10 
and 11 r e s p e c t i v e l y .  The minimum pres su res  a t t a i n e d  are p l o t t e d  i n  Fig- 
u r e  32. These p o i n t s  appear t o  be  about one t o  t h r e e  decades h ighe r  than  
t h e  t h e o r e t i c a l  va lue  ( s e e  F igure  33). For t h i s  reason  a test w a s  run  wi th  
l i q u i d  n i t rogen ,  which w i l l  a l low a pump t o  reach  a t  least  10-5 t o r r  w i t h  
a i r  as t h e  pumped gas .  The p res su re  achieved w i t h  t h i s  method w a s  about  
f i f t e e n  microns o r  1 .5  x 10-2 t o r r .  This  check p o i n t ,  which is  above t h e  
t h e o r e t i c a l  va lue  by up t o  t h r e e  decades,  i n d i c a t e s  t h a t  t h e  pumps r equ i r ed  
longer  r e juvena t ion  (bakeout) o r  replacement of t h e i r  sieve. The c o r r e c t i o n  
of up t o  t h r e e  decades cannot be a r b i t r a r i l y  made a t  temperatures  above 
minus 100 degrees  cent igrade .  This  is  due t o  the  e f f i c i e n c y  of pumping of  
d i f f e r e n t  gases .  For example, a t  room temperature  and down t o  zero degrees  
cen t ig rade  no argon pumping w i l l  occur .  Thus, i f  a i r  i s  t h e  pumped gas  
t h e  p r e s s u r e  cannot be decreased below approximately e i g h t  t o r r ,  which i s  
the  p a r t i a l  p r e s s u r e  of argon i n  t h e  atmosphere. 
F igure  34 shows t h e  re la t ive pumping e f f i c i e n c y  f o r  argon, n i t r o g e n  and 
oxygen ve r sus  temperature  below zero degrees ,  f o r  a t y p i c a l  z e o l i t e .  Using 
t h i s  f i g u r e ,  n o t e  t h a t  i f  a the rmoe lec t r i c  coo l ing  of minus f o r t y - f i v e  
degrees  cen t ig rade  i s  u t i l i z e d  a much lower p r e s s u r e  can be  a t t a i n e d  i f  t h e  
system i s  f i r s t  purged w i t h  n i t rogen ,  s i n c e  t h e  molecular  sieve has  a g r e a t e r  
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TABLE 9.- CRYO-SORPTION PUMPING AT 25°C 
T i m e  
1622 
1623 
1625 
1630 - 1800 
1800 
0827 
0830 
1045 
1055 
105 7 
1058 
1105 
1205 
1212 
1415 
1520 
1527 
P res  s ur  e 
( t o r r )  
7 30 
468 
288 
283 
283 
29 3 
95 
10 1 
102 
102 
137 
136 
137 
37 
34 
45 
42 
Comments 
Open P 
Open P bo th  open 
Close P t o  bake-out 
P Open; P i n  bake-out 
Stop bake-out; c l o s e  both  pumps 
volume a t  1 A t m  1 
2 
1 
2 1 
Open P P2 i n  bake-out 
Open P 1 2  P i n bake-out 
Close P 1 2  P i n  bake-out 
Close P end bake-out 1 
Open P open P 
Open P1 c l o s e  P t o  coo l  2 
Close P1 f o r  bake-out P closed 2 
Close P f o r  bake-out open P 
Close P1 f o r  bake-out open P 
Close P f o r  bake-out open P 1 
Open both  pumps 
1 
2 1 
2 
2 
2 
1 
P open P2 closed 1 
END OF TEST.- P1 PROBABLY NEEDS FRESH ZEOLITE. 
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T i m e  
1305 
1330 
1335 
1347 
1359 
1415 
1623 
1655 
TABLE 10.- CRYO-SORPTION PUMPING AT O°C 
B 1 
#1 
f 1 
ill 
Open 111 
Open #1 
Open ill 
Open il2 
Temper a t u r  e 
("(3 
290 
130 
40 
7 
3 
0 
2 
'LO 
P r e s  s u r  e 
( t o r r )  
7 30 
7 30 
7 30 
7 30 
70 
51  
37 
8 
NASA CR-111856 
Comments 
Bake-out o f f  
Add H20 j a c k e t  
Add ice + H20 
Add i c e  + H 
Close #1 Cool 112 
END TEST 
TABLE 11.- CRYO-SORPTION PUMPING AT DRY-ICE TEMPERATURE 
Time  
1112 
1335 
1347 
1308 
1512 
1730 
1731 
1815 
1955 
Temperature 
(OF) 
72 
7 3  
-90 
-110 
-110 
-90 
-87 
-100 
-9 3 
Pressure  
748 t o r r  
177  t o r r  
33 t o r r  
6 t o r r  
3.7 t o r r  
5 e 0 t o r r  
200 1-I 
125 p 
160 u 
- 
Comments 
Open ill pump 
Add C02 + methanol 
Add C02 + methanol 
Add C02 + methanol 
Open ho t  pump i n t o  cold pump (ill +- 112) 
Close ill Cool 82 (open) 
Close f l  Cool il2 (open) 
Close 81 Cool 82 (open) 
END TEST 
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t 
a f f i n i t y  f o r  n i t r o g e n  a t  t h i s  temperature  than  f o r  e i t h e r  oxygen o r  argon. 
With s i n g l e  s t a g e  the rmoe lec t r i c  cool ing,  cascading of two cryopumps and 
n i t r o g e n  purging of t h e  system p r i o r  t o  pumpdown, reaching  p res su res  of 
about  10-3 t o r r  i s  p o s s i b l e  and i s  adequate  f o r  i o n  pump starts. 
S ing le  s t a g e  the rmoe lec t r i c  cool ing  can achieve  a temperature  d i f f e r e n c e ,  
as mentioned above, of about seventy degrees  cen t ig rade  b u t  t h i s  i s  w i t h  no 
load  on the  system. 
can be  c a l c u l a t e d  us ing  t h e  fol lowing formula: 
The t i m e  and temperature  d i f f e r e n t i a l  of a g iven  system 
Q =  
where Q =  
M =  
c =  
P 
A t  = 
AT = 
- 
AT 
M C p  nt 
Heat removed. (BTU/hr) 
Weight of material t o  be cooled ( l b s )  
Average s p e c i f i c  h e a t  (BTU/lb - OF) 
T ime  r equ i r ed  t o  coo l  (h r )  
Required temperature  change (OF) 
! The a c t u a l  ope ra t ion  of t h e  system is dependent upon t h e  geometry and 
h e a t  l o s s e s ,  b u t  cursory  c a l c u l a t i o n s  show t h a t  w i t h i n  one hour a pump can b e  
cooled t o  about  minus twenty degrees  cen t ig rade  w i t h  about t h i r t y  t o  f o r t y  
w a t t s .  This w i l l  b r i n g  the  p re s su re  down t o  about  10-3 t o r r  i n  a n i t r o g e n  
purged system as descr ibed  above. 
Thermoelec t r ic  cool ing  of s o r p t i o n  pumps, which are cascaded and 
n i t rogen  purged, i s  s u f f i c i e n t  t o  pump a system from atmospheric p r e s s u r e  
t o  a p r e s s u r e  low enough t o  s tar t  and o p e r a t e  a n  i o n  pump. 
Sub l i m a  t i o n  Pumping 
Another method f o r  rough pumping t h a t  w a s  considered is t h e  use  of 
subl imat ion  of t i t an ium.  Titanium f i l amen t s  can be hea ted  t o  subl imate  
t i t an ium atoms, which then combine w i t h  n i t r o g e n  atoms t o  form Titanium 
N i t r i d e  (TiN) and s t i c k  t o  t h e  s u r f a c e  of t h e  pump housing. 
L e t  t h e  volume of t h e  system t o  be  pumped be  equal  t o  one l i t e r .  I f  
t h e  system i s  purged w i t h  n i t r o g e n  a t  atmospheric  p re s su re  t h e r e  w i l l  b e  
6 a 0 2 3  1023 = 2.78 x 10Z2 molecules of N2 22.4 
o r  5.56 x 1022 atoms of N 
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Since t h e  p re s su re  r equ i r ed  t o  s ta r t  an  i o n  pump i s  about t o r r ,  
t h e r e  are approximately 7 x 10 l6  atoms of n i t r o g e n  p resen t .  
be r  of atoms r equ i r ed  t o  b e  pumped t o  reach  t h a t  p r e s s u r e  is  
Thus, t h e  num- 
5.5 x - 7 x - 5.5 x atoms of N 
The l a r g e s t  commercial subl imat ion  pumps can subl imate  t i t an ium a t  
The about one gram p e r  hour ,  which i s  about  3 x 1018 atoms p e r  second. 
rate r equ i r ed  t o  s u c c e s s f u l l y  pump from one atmosphere of p r e s s u r e  is 
about 5,000 grams p e r  hour. When t h i s  i s  compared t o  the  power r equ i r ed  
f o r  normal subl imat ion  pumps, about f i f t y  amperes a t  about th ree- ten ths  of  
a gram p e r  hour ,  even i f  t h e  c u r r e n t  w a s  l i n e a r  wi th  r e s p e c t  t o  rate of 
subl imat ion  (which of course  i s  n o t )  i t  would t ake  about  one mega-ampere 
a t  about seven v o l t s .  
Of course ,  t h e  above numbers are i d e a l i z e d  f o r  maximum speed o r  mini- 
mum t i m e  of pumpdown. By us ing  real is t ic  va lues  of u sab le  t i t an ium and 
d i s r ega rd ing  t i m e  i t  would s t i l l  be u n r e a l i s t i c  t o  u s e  subl imat ion  pumping 
t o  rough down t h e  system. L e t  t h e  usable  t i t an ium be  one gram (most pumps 
of u sab le  s i z e ) ,  then  t h e  maximum gas load  which can b e  pumped i s  
(22.4)(760) = 177.3 t o r r  l i ters  - 1 gm 0 'max - (2) (48)  
I f  t he  volume i s  one l i t e r ,  then  t h e  p re s su re  i s  reduced by 177 t o r r .  
A t  a normal c u r r e n t  of about  f i f t y  amperes i t  would t ake  about  t h r e e  hours  
f o r  t h i s  r educ t ion  t o  occur .  
CONCLUSIONS 
A s  a r e s u l t  of t h e  above e f f o r t ,  a l i g h t  weight and r e l i a b l e  i o n  pump 
has been cons t ruc t ed  w i t h  a pumping speed t h a t  is  compatible w i t h  the  Two 
Gas Atmosphere Sensor Mass Spectrometer.  A comparison of t h e  f l i g h t  pump 
wi th  a commercial pump i s  given i n  Table 12 and ind ica t ed  t h e  s u b s t a n t i a l  
r educ t ions  which have been achieved i n  weight  and s i z e  f o r  a g iven  pumping 
speed. 
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TABLE 12.- I O N  PUMP COMPARISON 
With t h e  understanding of i o n  pumps obta ined  as a r e s u l t  of t h i s  e f f o r t ,  
improvements i n  pumping speed, weight and volume can b e  made wi th  r e l a t i v e l y  
l i t t l e  a d d i t i o n a l  e f f o r t .  The s ta te -of - the-ar t  advancement i s  be l i eved  t o  
be  a t t a i n a b l e  by reshaping t h e  cathode s u r f a c e s  and t h e  magnetic f i e l d s .  
The r equ i r ed  magnetic f i e l d ' c a n  even be  a t t a i n e d  e n t i r e l y  o r  i n  p a r t  by anode 
assemblies  which are magnetic. 
A magnetic anode may reduce o r  completely e l i m i n a t e  t h e  requirement of 
an  e x t e r n a l  magnet. Any a d d i t i o n a l  e f f o r t ,  however, should n o t  b e  l i m i t e d  
t o  improving d iode  type  pumps. Tr iode  conf igu ra t ions  may prove t o  b e  u s e f u l  
i n  some a p p l i c a t i o n s ,  so  they  should a t  least  b e  s tud ied .  
The a n a l y s i s  of t h e  va r ious  rough pumping techniques i n d i c a t e s  t h a t  t h e  
most e f f i c i e n t  and r e l i a b l e  method of pumping a system i s  t h e  use  of  a l i n e  
t o  o u t e r  space.  I f  t h i s  method is undes i rab le ,  because of t h e  need t o  
i n t e r f a c e  w i t h  t h e  s p a c e c r a f t  s k i n ,  then  t h e  a l t e r n a t e  accep tab le  method 
would b e  t o  use cryo-sorpt ion pumps, cascaded a t  room temperature ,  t o  reach 
a p res su re  of approximately 10-1 t o r r ,  then  use  a small subl imat ion  pump 
t o  reduce t h e  p r e s s u r e  from 100 microns t o  about  t o r r  o r  below t h e  
p o i n t  a t  which t h e  i o n  pump may b e  s t a r t e d  w i t h  minimum c u r r e n t  surge.  
Cryo-sorption pumps may a l s o  be  cascaded i n  conjunct ion  w i t h  the rmoe lec t r i c  
cool ing  ( i f  t i m e  a l lows)  t o  d i r e c t l y  reach  a p res su re  of about  10-3 t o r r ,  
where t h e  i o n  pump can be s t a r t e d  and, thus ,  e l i m i n a t e  the  use  of a 
subl imat ion  in te rmediary  pumping sys  t e m .  
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APPENDIX A 
Magnet Design C r i t e r i a  
To des ign  the  magnet f o r  t h e  i o n  pump t h e  fo l lowing  cr i ter ia  w e r e  
u t i l i z e d .  
The l e n g t h  of t h e  a i r  gap (Lg) i s  f i x e d  by t h e  geometry of t h e  pump, 
which i s  one and one-half inches  th i ck .  The width of t h e  magnet (W) w a s  
f i x e d  a t  two i nches  w i t h  i t s  th i ckness  (T) f i x e d  a t  one inch.  These two 
dimensions w e r e  adequate  t o  cover t h e  two anodes w i t h i n  t h e  pump where t h e  
f i e l d  i s  requi red .  
The above dimensions g ive  a gap area (Ag) of 2 and a 
- 1.33 & = - -  2 Lg 1.5 
knowing t h a t  
W 
T 
- 2 
By examining publ i shed  graphs 3 , t he  r a t i o  of p o l e  s t r e n g t h  Bp t o  c e n t e r  1 
of gap s t r e n g t h  Bg can be determined. This  i s  found t o  be  
Having a requirement of 1,200 gausses  f o r  t he  f i e l d  s t r e n g t h  a t  t h e  gap 
c e n t e r ,  a p o l e  s t r e n g t h  of over  3,600 gausses  is  requi red .  
material i s  Alnico 9 then  a s l o p e  (B/H) of about  2.5 is  requi red  t o  supply 
t h e  3,600 gausses .  
I f  t h e  magnetic 
The l e n g t h  of t h e  magnet may then  b e  found by use  of publ ished graphs 
which g ive  a magnet l e n g t h  of s l i g h t l y  over  one inch. The magnet volume i s  
3 G.E. Permanent Magnet 
3 2 (2 ) (1 )  = 4 i n  
Manual and Appl ica t ion  Data 
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The dens i ty  of Alnico 9 i s  about 0.262 oounds pe r  inch cubed, which 
g ives  a magnet weight of 1.048 pound. The magnet yoke is Armco wi th  about 
a 4.7 i nch  cubed volume. The dens i ty  of t h e  Armco i s  0.298 pound p e r  inch  
cubed, which makes t h e  yoke about 1 .4  pound. The t o t a l  magnet weight is  
then about 2.5 pounds. 
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FIGURE 1.- Closed Ring Magnetic C i r c u i t  
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FIGURE 2.- Varian Two Li ter  p e r  Second Ion Pump 
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FIGURE 3.- Two-Cell Pro to type  Ion Pump 
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FIGURE 5.- Ion Pump Assembled (Prototype) 
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FIGURE 6 e - Magnet Geometry 
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FIGURE 7.- T e s t  Vacuum System 
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FIGURE 26.- Eight-Cell  Pro to type  Ion  Pump 
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FIGURE 31.- Cryo-Sorption Pumping 
(Pumps a t  Room Temperature 25°C) 
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